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DEFINITION OF SYMBOLS

Definition
2 x n torque matrix (for outer rates), Nms
components of [B]; i =1,2; j =1,2, ..., n; Nms
cos (before Greek symbol)

divisor for rate limiting

'angular momentum magnitude of the i-th CMG; i = 1,2,

, n; Nms
total angular momentum of the CMG system; Nms

components of Nms

Hys
angular momentum change for power generation; Nm
index

index

inner distribution gain; 1/s

outer distribution gain; 1/s

TLimi/Hi‘; CMG torque constant; 1/s

number of double-gimbaled CMGs
sin (before Greek symbol)

control torque command; Nm

components of T Nm

2c’
modified torque commands; Nm

total CMG torque on the vehicle; Nm

components of Nm

IG;
maximum CMG gimbal torquer torque; Nm

torque components in the W-coordinate system (with
Bi =0);1=1,2,3 ... n; Nm
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DEFINITION OF SYMIXOLS (Concluded)

Vafihnition

torque components ¢uc to «.'s and EDi'S; Nin

CMG coordinate system axes

inner gimbal reference sajgle; rad

inner and outer giwhal angle; 1 = 1,2, ..., n; rad
ideal inner gimhal referonce angle; rad

total inner and outer vates: 1 = 1,2, ..., n; rad/s

inner and outer distribution rate:; i = 1,2, ..., n; rad/s

inner and outer rate limit; rad/s

inner and outer rate limit due to hardware; rad/s

inner and outer ratc limit due to T rad/s

LIM’

outer rate command vector (due to TCMZ’ TCMS); rad/.s

components of c’

maximum possible outer distribution rate; rad/s

i=1.2, ..., n, rad/s

0 for i #]j
1 for i = j

Kronecker delta

~

bar under a quantily denotes a vector

a superscript T denotes a transpose on a vector or a
matrix
a superscript -1 denotes the matrix inverse

a dot over a quantity indicates time derivative
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TECHNICAL MEMORANDUM

STEERING LAW FOR PARALLEL MOUNTED DOUBLE-GIMBALED
CONTROL MOMENT GYROS — REVISION A

INTRODUCTION

As space vehicles become larger and the orbital mission times become
longer, double-gimbaled control moment gyros (CMGs) will be used more
and more for the attitude control and angular momentum storage functions.
There is, therefore, a need for a simple, but universally applicable CMG
steering law, which will take the control torque commands and generate
gimbal rate commands in such a fashion, that, inspite of the highly non-
linear CMG behavior, the resulting torques on the vehicle are ideally
equal to the commanded ones. Furthermore, this steering law should
allow the use of any number of CMGs, which allows the tailoring to the
angular momentum requirement while at the same time making the failure
accommodation a built-in feature. It should also allow the mixing of CMGs
of different angular momentum magnitudes to the extent that some or all
CMGs could be used also for energy storage, eliminating or greatly reduc-
ing the need for batteries.

In this report, a steering law is presented, which has all these
features, due mainly to the idea of mounting all the outer gimbal axes
parallel to each other. This allows the decomposition of the steering law
problem into a linear one for the inner gimbal angle rates and a planar
one for the outer gimbal angle rates. Since the inner rates are not
affected by the outer ones, they are generated first and are then known.
An outer gimbal angle distribution function (to avoid singularities internal
to the angular momentum envelooe) next generates distribution rates, and
finally the pseudoinverse methcd is used to insure that the desired total
torque is delivered.

This report is an extensive revision of Reference 1 to the extent
that a different distribution function has been used, reducing the software
requirements significantly.

PARALLEL MOUNTING ARRANGEMENT

The proposed mounting, with all outer gimbal axes parallel, is
shown in Figure 1 (for convenience only, the outer gimbal axes are also
shown colinear). This mounting arrangement has many advantages. The
mounting interfaces can be identical, i.e., the mounting brackets and
hardware, cable harnesses, etc. There is no need to individually identify
the CMGs, and the on-board computer can assign an arbitrary label to
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Figure 1. Parallel mounting arrangement.

any CMG, which could be changed from one computation cycle to the next.
This simplifies the steering law and the redundancy management. The
parallel mounting in conjunction with a steering law that accepts any
number of CMGs makes failure accommodation a built-in feature. However,
if increasing angular momentum requirements during the design of a space
vehicle demand it (and the moments of inertia always tend to increase),
additional CMGs can be added with minimum impact on the hardware and
almost none on the software. The parallel mounting also makes the
visualization of the system operation exceedingly simple (especially when
compared with the momentum envelopes and saturation surfaces of skewed
mounted single-gimbaled CMGs).

TOTAL ANGULAR MOMENTUM AND TORQUE COMMANDS

Given a CMG coordinate system W, Figure 2 shows the inner and
outer gimbal angles o and Bi of the ith CMG (note that the inner gimbal

angle is defined mathematically negative). With this definition, the
angular momentum of n CMGs is:

I i}
H, ; M, s

He = | Hee |” Z: Hyegefy S
HG3J ; Hi cai s[’.i




where i = 1, 2, ..., n and H. is the angular momentum magnitude of the
ith CMG. !

'Figure 2. CMG gimbal angles.

The CMG angular momentum change is

ZH.couc'x.
i
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We can assume that E is known (from power demand or the difference
between present and past value of H) and it is accounted for in the
torque commanl:
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The task is now to find a set of gimbal angle rate commands é and g
which, when inserted into equation (3) will satisfy the torque command,
while at the same time utilizing the excess degrees of freedom to distribute
the gimbal angles such that the singularities internal to the angular
momentum envelope are avoided.

DESIRABLE INNER GIMBAL ANGLE DISTRIBUTION

The n double gimbaled CMGs have 2n degrees of freedom. Three
are needed to satisfy the torque command; the excess of 2n-3 degrees of
freedom is utilized to achieve a desirable gimbal angle distribution.
Before one can decide on a desirable distribution, the characteristics of
a double-gimbaled CMG have to be considered.

The inner gimbal angle rate needed to produce a given torque per-
pendicular to the inner gimbal axis is independent of the inner and the
outer gimbal angles. However, the outer gimbal angle rate needed to
produce a given torque perpendicular to the outer gimbal axis is inversely
proportional to the cosine of the inner gimbal angle. Therefore, it is
desirable to keep the cosine of the inner gimbal angle high, i.e., it is
desirable to minimize the maximum inner gimbal angle. This then reduces
the outer gimbal angle ratc requirements. The maximum inner gimbal
angle is minimized when all inner gimbal angles are equal to the inner
gimbal reference angle, c.f. equation (1),

1 Z Hi Sn.l
op = T il S — . (4)
D,
i

Inner gimbal angle redistribution should be made without resulting
in a torque along the W1 axis. This implies [cf. equation (3)],

Tp1 = Zi:Hi coy ap; =0



We select the distribution rate such that

The W1 torque is now

o -

~—~~
k¥ ]
St

ul

When all = G, the latter has converged to its ideal value of equation
(4.

Howcver, a torque does result in the Wz—W3 plane and it will be

treated in conjunction with the outer gimbal angle distribution.
DESIRABLE OUTER GIMBAL ANGLE DISTRIBUTION

The situation is not as clear-cut with respect to the desicable outer
gimbal angle distribution. lowever, for double- gimbaled CMGs a singular
condition inside the total angular momentum envelope can only occur when
some of 1he momentum veetors (at least one) are antiparallel and the rest
parallel to their resultant total angular momentum vector. Msaiatainwug
adequitte and more or less equal spacing between the vectors will theve-
fore climinate the possibility of a singularity. Many distributica fuactions
are possible and the goul is to {ind onc which minimizes the sofiwor.
rcquirements.  Compared to the outer gimbal angle distribution iunction
of Refercnce 1, a muech simpler one has been developed which has none
of the disadvantages (no modified outer gimbal angics, no sortivg, o
extra lopic for failed CMGs), Lut retained all the advantapges. 'Che new
distribution function introduces repulsion between all posuible Cialc pairs,
i.e., proportional to the product of the angular momentun maguitudoes
and proportional to the supplement of the outer rimbal angle differences,

[$1]



Since the repulsion is generated by pairs (and all possible pairs are
treated equally), no sorting is necessary. However, due to the stronger
repulsion of the immediate neighbors, the outer gimbal angles act as if
sorting had been done. A failed CMG is simply ignored (its angular
momentum magnitude is set to zero) since it does not generate a repulsion.
Any number of CMGs can be failed or resurrected at the beginning of any
computation cycle. The rates due to this distribution function are

Bp; = Ky ; (H; H (8 - & - wsgn (§ - 8)] (1- 80} . (6)

Without any momentum constraint the CMG outer gimbals would come to
rest when they are separated by an angle of 2m/n, assuming identical
angular momentum magnitudes. (This would not make any sense for two
CMGs since they would be antiparallel. However, two CMGs have only
one excess degree of freedom and it is taken up by the inner distribution,
und no distribution is possible for the outer gimbals).

INNER GIMBAL RATE COMMANDS

The change of the W1 angular momentum component is not a function
of the outer gimbal rates [equation (3)],

flgy = Tgy = L H oca & . (3a)

Since all inner gimbal angles should be equal (enforced by the inner
gimbal distribution). an inner gimbal rate command for all CMGs of

o, = ’lCl/ j Hi co . N

will result in TGl = TC]’ if it is assumed that the actual and the com-

manded gimbal rates arc cqual. For the total inner gimbal angle rate
command we have then [ef. equation (5)],

a; = Ky (o, - o)+ '1‘01/; Hcop (8)



where it should be remembered that the distribution rates are non-toraue-
producing with respect to the W1 axis. The effect of the total inner

gimbal angle rates on the W2 and W3 momentum components is treated

later. Gimbal rate limiting will be discussed after the outer gimbal ratc
commands have been treated.

-

OUTER GIMBAL RATE COMMANDS

The outer distribution rates of equation (6) as well as the total
inner gimbal angle rate commands of equation (8) generate a torque in
the WZ-W,; plane. This torque is

[ ] - : Y

Ly z:Hi(c% SB; Bp; * 8% B o5)

, ' . _ - ’
Tq };Hi (co; eB; Bpy; - soq 8B o)

and the WZ-W torques must be modified as follows:

3

To generate the modified torque we now apply the pseudo-inverse
method to get a unique set of outer gimbal rate commands

-
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- T simh :
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The total outer gimbal rate commands are then

8 = fpi * Bei

PROPORTIONAL GIMBAL RATE LIMITING

The gimbal torques will have a definite torque limit, TLIM' In

order not to exceed this limit, we have to establish the torque demand
on the torquers due to the gimbal rate commands. Setting the outer
gimbal angle to zero we get for the torque of the ith CMG [equation (3)],

T .- Cu, r't.

1i i1

Poi | = |3 9
[y y”

PmJ crli ['i

The torque Tli is the torque load on the outer gimbal torquer and T

is the torque load on the inner gimbal torquer. Assuming the same

torque limits for both inner and outer gimbal torquers, we get for the
gimbal rate limits )

3

orrim T Prov T Kjlew



with Ki Tmi /H a CMG design constant, more or less the same for all
double gimbaled CMGs. There are also other rate limits (aLIM’ BLIM)
due to hardware limits like gimbal rate tachometer limits, voltage limits,
etc.

To reduce the magnitude of the actual torque only, but keep the
same direction as the commanded torque, a proportional scaling of all
gimbal rates by dividing by DIV is done, where:

lag | 16, | & |
DIV = MAX |1, —— , 2>, ..., =2,
9, o, %,
LA 8|
8L, B, 8y,
with
ap, = MIN (appive ) o
and
By, = MIN (Bppime Bram’

PERFORMANCE DISCUSSION

As implied by the discussion of the desirable gimbal angle distribu-
tion, there is no need for a strict adherence to the ideal distribution.
For the inner distribution gain Ka this means that its value can be choscn

over n wide range up to 1/At where At is the computer cycle time,
ecspeciatly since the torque producmg portion of the inner gimbal rate
command tends to keep the inner g'lmbal angles on their distribution. To
scleet the outer gimbal distribution gain we have to remember that the
maximum magnitude of the outer distribution rate can be as large as

fef. cquation (6)7,

n
PDMAX = KH, (§011j -H,)m



For a desired maximum outer distribution rate of 0.02 rad/s and with
5 CMGs of an angular momentum magnitude of 3000 Nms we get for
example,

Kb ~ 1.8E-10 .

If the outer distribution rates are limited before BCi's are calculated, a
higher gain value could be used. :

No special effort has to be made to "unhook" the CMG momentum
vectors when, after bunching up due to saturation, the torque command
is such that the momentum magnitude is reduced. In the real world, the
gimbal angle readouts are noisy enough to introduce unhooking. There-
fore, if a simulation is too ideal and problems are encountered, some noise
should be added to the gimbal angles. The same considerations apply for
starting up from an internal singularity (the distribution functions prevent
any later internal singularities from occurring).

While any number of double-gimbaled CMGs can be accommodated
(two CMGs are the minimum), the cycle time might become a problem for
very large numbers of CMGs. Since any angular momentum magnitude is
allowed, there is then the possibility to group several CMGs, add their
angular momentum, and consider the group as one CMG as far as the
steering law is concerned. The group is then commanded to its combined
outer and inner gimbal angle. Setting the angular momentum magnitude
of any CMG to zero is a convenient way of signaling that the CMG has
failed.

The general logic flow, including the input and output parameters
for the stecring law is shown in Figure 3. The implementation for the
high level language APL is shown in Figure 4 and a detailed flow in
Vigure 5.

10



INPUTS T Nm TORQUE COMMAND (Tc 1:.Tc2.T¢ 3,

c
a, rad INNER GIMBAL ANGLES
B, rad OUTER GIMBAL ANGLES
10, ca; SINES & COSINES OF THE o'
$8;. cB; SINES & COSINES OF THE §;' S
H; Nms CMG ANGULAR MOMENTUM MAGNITUDES
QUTPUTS &g i rad/s INNER GIMBAL RATE COMMANDS
Be; rad/s OUTER GIMBAL RATE COMMANDS
ENTER
HR i H; ca,
HA i = Hij 'd'
Sc=ZHp
Sca = 17; HR ol n = MAXIMUM NUMBER OF CMG'S

K. = INNER GIMBAL ANGLE DISTRIBUTION GAIN
- s ,s
% = ScalSc
ALL i's RANGE FROM 1to n
ac;' (Tc 1/sc) + K. { ao —01)
ﬁai =0

jon-1

Figure 3. Steering law logic flows.

11



®

4
Ja K. HiH. (B =B —7SGN (B —B)1 | K. = OUTER GIMBAL ANGLE
Bk WMy 15 -5, v ®  DISTRIBUTION GAIN
B By
Bp= Byt B
i=i-1
YES (%0
NO
j=i-2
imi-1
VES
i>1
NO
Temz=Tez* Z Hai cB%cj*+Hpsh; Ppy)
Tems ™ Tea* T (Hp; sBég; - Hy;-eh; fip)
by; = —Hp; 5,
by; = Hp; ¢B;
2
TR LET
2
sz'?"zi
c12'?b1ib2i
re 2
ﬂCJ byy b by | ¢ c ! T 01
s 11 by2 1n 11 G2 oMz | {5
. c, C T :
E b21 bn (XY T} bzn 12 22 Cm éon
| Pen |

Figure 3. (Concluded).

12



[

-50145 juswow [0JJU0CD pI[BqWL3-IQNOp U JI0J MB[ Bulae9ls 'y eandig

Uy ccee %y Ty . q3d v

v
Uy eeee % Ny . g7y :33ITINGIVITINIIND v

. v
Ix°+(FF02xYH* (FAOTxYH-I 4 (N‘C)+gux " +dB) x "+ (g0)+(78+038

JgoxdgxdH- (FEOTxATUx( THOTxH+UH) ) 7+ ¢ (oI xAAxdH+ (JFOCxqTYxUH) 7+ +1 € €1I1~1
FE4(NN)+80-G+GxxId-Gx (HE (N*N)sWaxl) 7+ xg)+08
THOSxHANH/++I5 (TUxYH/ ) - TUxYN-(I5+[ 1121)+ATY

L

W ‘g ‘g ‘1 ‘IS ‘dH ‘UH  :53I78B13BATIBIDT

I R NI ﬂI = I
Q XY Nm .ﬂm

3q

=U * e 00 NE Hu Iﬂq

"

~

~

—
"

exswxy SONAD INIWOW TONINOD QITWEWID wwwwe

v
v

v

v

v

v

v

¥

v

¥

21 :583I3RBEGITINGNT v
¥

v

C

¥¥¥NN 3174004 N ¥04 MYT ONI¥3IILS ruvry v
¥

¥

v

¥

5

Jigea3s LIS yHIVHINYT

13



11%3

ON

S3A

-mo[y o301 panBIed 'S sandig

L=
ano.Nh_Nq-’.—h_—‘lﬂvn

}

U=l
TR KA S R
a1ty -ty gy =42
Zyey-TWolin =G

OoN ﬂ

)
o<t CET

1
U=
0=C=Tla=ttd
, €0y =2y
31 =1y

ON

S3A

p-t=1
z—t=l

ON

ON S3IA

L—1=
o ='q¢
("0 -%0) *ys+0-"D0

u=t
Jg:12) =¢
Jg : VIs = Oc

L—t=t
Zq Zq+ T =TlD
Tq .-.A+N_.UIN—.U
nqllqs tig=td
g Up = q
_QW_EIIH..—A
-DN.Q _KII_UW_sz:#N.PHN.—.
Mg 'gs My + DIV + haty

L-1=t

g-'0g-'ag

(- nosx = 19— "A)H"H I = ¢

L

Sl

t—ua=f
uel

L - Vel
1oty + ¥I5 - V3§
Yy . 25:78
-Hm .I - -41
ro = ¥
U=t
OI(UM num
EIR R

14



Kennel, H.‘ F.:

REFERENCE

Steering Law for Parallel Mounted Double-Gimbaled

Control Moment Gyros. NASA TM X-64930, February 1975.

15






APPROVAL

STEERING LAW FOR PARALLEL MOUNTED DOUBLE-GIMBALED
CONTROL MOMENT GYROS — REVISION A

By Hans F. Kennel

The information in this report has been reviewed for technical
content. Review of any information concerning Department of Defense
or nuclear energy activities or programs has been made by the MSFC
Security Classification Officer. This report, in its entirety, has been
determined to be unclassified.

‘GEORGE D. HOPSON
Director, Systems Dynamics Laboratory

I U.S. GOVERNMENT PRINTING OFFICE: 1980—740-066/266 REGION NO.4

16






